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PROPAGATION OF A TURBULENT JET IMPACTING ON A FLAT SURFACE

0. V. Yakolevskiy, S. Yu. Krashennikov
(Moscow)

Consideration of the flow phenomena caused by the
collision of a turbulent jet with a flat surface at a
certain angle of incidence. Such problems originate in
static tests, in the study of the "ground effect" mani-
fested in the appearance of velocity and temperature
discontinuities at engine intake for aircraft with vertical
or short takeoff, or in ventilation equipment, etc. Test
results are used as the basis for derivation of formulas
for approximate calculation of the flow phenomena.

This article gives the results of studying flows caused by the impact of a /192%

turbulent jet on a flat screen at a certain angle. Problems of this sort occur,
for example, in stand tests when studying the "Earth proximity" effect (Ref. 1)
which manifests itself in the appearance of velocity and temperature irregulari-
ties at the input of motors in devices with vertical or shortened takeoff and
landing characteristics, in ventilation engineering, etc. (Ref. 2, 3).

1. Experiments were conducted on an installation which made it possible to
study the propagation of an air jet across a disk 400 mm in diameter. The jet
impacted on the disk at angles of 30, 45, 60 and 90°, while distance 7 from
nozzle edge to the disk along the jet axis was 35 and 100 mm with a nozzle
radius of R0 = 5 mm. The investigated flow is therefore the flow of a jet

colliding with a screen both in its initial sector (1° = Z/R0 = 7) and in its

main portion (1° = 20). The system of coordinate points permitted determina-
tion of the field of velocity heads in arbitrary directions on the disk surface
and travel of these fields along the vertical (the disk was placed horizontally).
Accuracy of displacement of the Pitot-static head was 0.5 mm., Air flow rate
was recorded with an accuracy of 2-37 by a standard measuring diaphragm. Air
velocity at nozzle outlet in the experiments was 103 m/sec and did not vary.

The velocity head fields were determined with an accuracy of 0.2 mm H20 from

the readings of an alcohol micromanometer. The disk was bled radially every

5 mm., The bleed holes were used to measure static pressure. The velocity head
fields were recorded on radii forming angles ¢ = 0, 45, 90, 135 -and 180° with
the projection of the jet axis onto the disk., These radii were drawn from the
point of intersection Ow of the jet axis with the disk plane.

Figure 1 gives the results of measuring velocity distribution along the
vertical at different points on the disk. It may be seen that the profiles of
relative velocity as a function of the coordinates u® and z° are similar. We
used maximum velocity at given disk point u and jet half-thickness Zy.5 as

the characteristic scales of velocity and length in the expressions u® = u/um

* Numbers in the margin indicate pagination in the original foreign text.




and z° = z/z0 5; which corresponds to the vertical distance from the disk to
the point at which u = 0.5 u .
" Figure 1 demonstrates the fact

o that the velocity profile is well-
described by Schlichting's formula
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Here § is the thickness of the
as| 5 , boundary layer; b is jet thickness
' i [n was not established in the experi-
0 e 73 ments, but from data in (Ref. 4) for
NNt semi-limited jets n 7y 10).
|

’ a5 10 , Figure 2 represents the depen-

Figure 1 dences of 20.5 on radius r -- the

distance from point 0, ~- for wvarious

Relative Velocity Distribution u° v
. impact angles 6. From the Schlich-
Over Jet Thickness. a - 8 = 90°, P g

o _ 7. _ ° o _ _ ting velocity profile (allowing for
i 0: 73b -8 =45 1% =17, ¥ = the boundary layer) we may derive
' the dependence -16(-)-16 of jet
1 -~ Schlichting profile; 2 -~ thickness on r
The same taking the boundary layer b—b, ()
into account. ' F—r,(p) =016

(1.1)

where bx (¢) and ry (y) are certain
initial values of jet thickness and radius. We utilized the fact that in the
above-given velocity profile the relationship 2. 5 = (0.44 - 0.5) holds, de-

pending on boundary layer thickness. Measurements indicated that boundary
layer thickness (distance from disk surface to point of maximum velocity) was
5 - 10% of jet thickness in the experiments conducted.

From the measuremental results we plotted the distributimof maximum
velocities in the disk plane (Figure 3). As we can see, the isotach shape as
point 0¢ is approached does not differ greatly from a circular shape. Figure &4

presents findings characterizing the attenuation of maximum velocity u°m as one
.recedes from the impact region.

2., The experimental data obtained underlie the flow diagram, which made
it possible to give an approximate calculation of the flow. Figure 5 gives
-the schematic picture of jet propagation which was used as the basis of the
calculations. Let us present the features of the flow model adopted in the
computations. The basic assumption, which is to a certain degree confirmed by
the data in Figure 3, is that after the jet is deflected, the flow has a
form ‘which would occur on efflux from a circular cylindrical source of variable
“height b,. The center of this source 0, is displaced by an amount A (see

o
Figure 5) relative to the point 0, of intersection of the jet and the screen

1
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Figure 2 Lines of Equal Maximum

Velocity Values (Isotachs
or Isovels) when 6 = 45°
and 1° = 20°,

Change in Jet Half-thickness
2y 5 as One Recedes from the

Deflection Zone:

a-6=90°D5b-06=260° 1°=

20; ¢ - 6 = 45°, 1° =7, plane. Velocity at source outlet is
Verticle line with hatching constant and equals u Efflux

m**
~corresponds to T = r,. takes place in the direction of the

radii drawn from O, (this is con-

v

firmed by measurements).

Measurements of the static pressure showed that in the vicinity of the de-
flection zone (outside the source) this pressure differs from atmospheric
pressure by no more than 2 - 3% of the maximum velocity head at the corres-
ponding disk point. When one recedes farther from Ow, it tends toward atmos-

pheric pressure. This circumstance fosters the assumption that the jet is
isobaric in its propagation over the screen.

In conformity with the experimental findings, it may be hypothesized that
the upper base of the cylindrical source is a plane forming a certain angle
with the plane of the screen. In this case, the height of the annular source

generatrixes, depending on the direction of propagation, will be expressed by
the relationship

by == A+ B cos@ (2.1)

Angle ¢ differs from ¢ by an amount ¢ dependent on Yy (see Figure 5).

To determine the flow at the source outlet, the three geometric parameters
A, B, and A must be found, which depend on the angle 6 between the impact direc-
tion of the jet and the screen plane and on longitudinal velocity profile shape
in the free jet before the deflection zone . We must also find a kinematic
parameter U % which depends on magnitude and distribution of the velocity w at




the inlet to the annular source.
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Damping of Maximum Velocity u°m

Deflection Zone.

L =

7; ¢ - 6 = 45°, 1°

=90° b - 6 = 60°, 1°
7;d -9 = 30°, 1° =

a-=6 20,

20,

as One Recedes from the

The jet parameters immediately in front of

the deflection zone, which may be approximately identified with the annular

source, are determined by the known laws for a turbulent jet (Ref. 5).

The

justification for this is that the presence of the screen exerts no essential

.are maintained

" and 0

¢

u cos e dz dt = S wr ds

udcos edz dt — S whr ds
5y

in the deflection process.

effect on the flow in the jet right up to the deflection zone (Ref. 1).

Here ¢ is the angle between vector radii r and p drawn in the screen
plane from points O

‘ 3. To determine the magnitude of maximum velocity at the annular source
outlet, let us assume that total flux and kinetic flow energy, i.e.,

(3.1

, respectively (Figure 5); t, is the boundary of the

annular source base; b, is the height of the cylinder generatrix;

coordinate axis normal to the screen pléne; g is the area of the

cross section at the inlet to the deflection zone.
‘profiles do not depend on ¢, i.e.,

4

Assuming that

z is the

free jet

the velocity
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Ug (Zo) = um‘ /(zo)y z° = z/b*' wt(Ro) = wm‘ IO(RO)V Ro = R/R‘ (3. 2)
we may transform relationship (3.1) to the form
1 1
S 1 (z°)dz° S beu,, cosedt=nR?, S fo(R°) R°w, .dR°
X 0 i, : , 0 (3 . 3)
S P (s°) dz° S byt ad cos & dt = R,? S 1o (R°) Row, B dR°
0 ty 0
Here R is the radial distance between free jet axis and an arbitrary point;
R, is the boundary radius of the free jet before the deflection zone; LA is

the maximum velocity (on the axis) in the jet before the deflection zone; and
U is maximum velocity at annular source outlet (does not depend on ¢).

Solving system (3.3), we obtain

Upps = O . (3.4)
1 -
o= (S fo? (R°) R° dR° Slf (z°) dzo)'/n(slfo (R°) R® dR° Sll, (°) dz")_l/' (3.5)
o 0 o K

(in the case of Schlichting profile, a = 0.778).

To find parameters A and B in expression (2.1), we employ the conditions
for the maintenance of flow rate and of momentum projected onto the screen
plane. Employing expressions (2.1), (3.2), and (3.5) we may write these con-
ditions as

n

7
2pS(A+Bcosq>)cos_sdq>:=% , ZpS(,l—l—Bcoqu)cnsecosq;d(p—_— %‘;—‘rk : (3.6)
0 . 0

Here, in addition to annular source radius p, the following notation is
introduced: X = cos 6.

1 1 1 1
! : . )
B=2 (S;o(m)n" dn°)(\/(z°) n’z") ) (Q fo? (R®) R°dn°) (g f )
v 0 0 0
In view of the geometric deflection diagram, we may write the expression 195
re p-i-Acoseg
= , or R e ich, SRS 3.7
e LINER! ° o Vi* i-2pAcos g A? (3.7

By using the relationships derived and neglecting the change in cos ¢ with
respect to the change in cos {, we may derive the flow rate and momentum equa-
tion in the form

AUt A4 B L AT =50s B (L ALY B(l AT = -2 (35 (3.8)

; “2pat
11
! Here the following notation is used:
' A c cos’ @ dgp
/\°=———; ,-:\'_‘*:: - N [ =0 .
P t A Vl -2\ s g NS (¢ o b 2,
The calculations demonstrate that
_ soB ‘ ] soB (3.9)
A= zpa (7o I Aol]) (0 < A® < 0.80), I 'jpoa*ﬁ‘ (A° < ﬂ_(i)




Figure 6

Illustrating How Flow Rate
Balance is Determined.

Figure
g > This result means that average de-

flection zone height is practically in-
dependent of the angle at which the jet
strikes the screen.,

Diagram of Jet Propagation.

In order to find the fourth unknown A°, the system of these conservation
equations must still be closed by a single relationship. When the deflection
of ideal liquid jets is calculated (Ref., 6), the assumption is made that flow
in the angle element before and behind the deflection zone is maintained. A
similar assumption, but in integral form, may be made in the case under con-
sideration. TFigure 6 shows the cross section of the jet before the deflection
zone, and the base of the cylinder is the annular source. By drawing the
straight line a-a perpendicular to the x-axis through OW in the plane of the

cylinder base, we delimit the liquid flow into two parts: All the liquid to
the right of a-a will move to the right, while all the liquid to the left of
this line will go to the left. 1In the transverse jet cross section sy at a

certain distance A' from the jet axis, a straight line a'-a' perpendicular to
the x-axis may also be drawn: The liquid to the left of a'-a' will move to the
left after the turn, and the liquid to the right of a'-a', to the right. Let
us assume by analogy with the ideal liquid theory that distances A and A' are
proportional to the radii of the corresponding circles

: é:=éw,y (3.10)

I, P
This relationship closes the system.

Based on the adopted flow diagram,we may state the flow rate balance.
With allowance for the second relationship in expressions (3.9) and (3.10), as
well as disregarding the change in cos ¢, the condition for flow rate equality
through the unshaded part of the cross secitn in Figure 6 gives

arc cos A® A°/cosw

BYT A% = R 2wpma (§f(z°)dz°)—l 5 S fo (R°) R® dR°de (3.11)
0

Plma
0 0

Angle w is measured from the negative x-axis direction, i.e., w =T — §. /196




Joint solution of equations (3.8) and (3.11)kﬁékes it poséibiebto'find the
quantities B and A° depending on A and the velocity profile shape in the jet
before the deflection zone.

The calculations showed that the relationship
1

po e = A (2§mu0) rane)” (3.12)

11

is fulfilled in a wide range of )\ wvalues.

For an ideal liquid jet (rectangular velocity profile) equation (3.12)
changes into the relationship A°® = ) derived by Schach (Ref. 6).

Utilizing the above-derived results, let us write out the final formulas
for calculating the annular source parameters:

o Bn 0 __@_ © )
Mo, 77 AW, A== Ja —(I;‘]rf]) ! (A ~ 2 for 4°<0,6
1
— (Ao - Ih] -} VA e 1\ (3.13)
B e (A 331“2”)1 2 A , AQV*X<2Sf“(" )R dlf)
v
A° =k A(R,, B° = k B/R,, k==p[R,

The approximation formula (3.12) for A° may be employed in the value range
0 £ X <0.7, which corresponds to impact angles 90° > 6 > 45°., For large
values of A, A° may be obtained either by numerical integration or by extrapola~
tion using the condition A = 1, A° = 1,

The quantity k introduced above is an experimental constant. It was found

from the condition of best agreement between quantities b, and r, in relation-

ship (1.1) when drawing lines corresponding to Z5 5 in Figure 2, and proved

to equal 1.5. The quantities b, and r, are conmected by relationships (3.13),
since condition (2.1) holds.

4. To describe the further propagation of the jet over the plane, we may
use the experimental relationship (1.1). Let us examine the motion of the
liquid element in cylindrical coordinates, while the z axis is perpendicular
to the screen plane and the coordinate origin is at point 0¢' We will write

the law of change in momentum for the liquid volume element with the length dr;
this volume is delimited by two planes which make the angle dy and passing

-through the z axis, b,

wdandly = \ w.tdzydly + TdFy — (O — Q%) dF
§1 1 § 2dL, 1—(Q — Q") dF, 4.1)

Here b is the element height; L is the arc delimiting the element; T is
,friction stress on the lower face of element Fl; and Q, Q' is the direction of
“turbulent friction on the side faces F2. (The action of pressure forces is
mutually balanced out.,) Letting the longitudinal and transverse dimensions of
the element tend toward zero, as well as employing formula (1.1), the geometric




relétionéhiﬁs"i'

r—re4by, ba=(rddr—ry) et b, dLi=rdp, dLs= (r+ dr)dy

and the conditions of similitude of velocity profiles, we may derive the
following differential equation

1
du,,? oo bd Y o
Pl —re bl G —wt (e bl — g+ 7 g =0 (1= perar)  4.2)
0
after omitting the terms of the second order of smallness.

Calculations have shown that the third term of equation (4.2) when the

Reynolds number is R = 7° 104 (computed from the nozzle diameter and efflux
parameters), which occurred in the experiments, is no moré than 4.5% of the
value of the left side. At large Reynolds number values, which are to be
expected in cases of practical interest, this term is still smaller. The
maximum value of the fourth term does not exceed 2.5% of the sum of the terms
on the left side. After these terms have been disregarded, equation (4.2) may
be integrated by using the following condition

ro== ey Um = Um® =Wy

Thus we obtain

S rel ck? r T

ty? == @20y 2 I_l -l--A————°+ 7 coscp(r_.'_i)] | .3

re==p (V1+ A%sin? + A°cos ), cos@=-— A°sin?y 4 cos P Vi+a5sinty )
Parameters A°, B°, A°, and a are found from formulas (3.13), (3.12), and

(3.5). The angle determining the propagation direction is ¥; angle ¢ plays

an auxiliary role and serves to describe the geometrical picture of the de-

:flection.

If, before impact with the screen, the maximum velocity on the jet axis
in the free jet is W 1/7 and the jet radius is R ~ 7, which corresponds to

the experimental findings, then from the relationships (4.3) it follows that
for sufficiently large values of r, the value of maximum velocity u at an

arbitrary point in the screen does not depend on 7 and is determined only by
angle 6. This fact is corroborated by the experiments conducted in the
present work.

The case of forward collision of the jet against the plane (0 = 90°) ex-
plained in (Ref. 1) is derived for B° = 0. In this case the first relation-

ship (4.3) is converted into the corresponding relationship obtained in (Ref. 1),

5. In order to employ the formulas for computing flow over the screen,
‘we must know the jet parameters in front of the deflection zone. These
,parameters are determined from the familiar formulas quoted, for example, in
(Ref‘ 1) H
Wi wmy =1, Ry /Ro: k'1°+1 when ° <12
Won® [Umo = hall®,  RalRo == kel° When ° > 12
ks = 0.22, kg =044, ks = 12.4.
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Determination of the velocity profiles at éﬁff&rinfo fﬁéuééfiééfion'zone
when 7 < 12 requires a knowledge of ordinate Rl of the internal boundary of the

displacement zone, as determined from the formula (R0 - Rl)/RO = 0.13 7°.

The relationship
1 1 1
S,f.."(n“) RedR®° =0,5(Ry°) + (1 —If,°)2§ foo™ (M MdN - (1 — Ry°) Ry® S/""n(")”"

i} 0 0
oI " 1t
R =T =R
may be utilized to compute the quantities a, B and y in the initial sector of
the jet.

In the computations carried out in the present paper, Schlichting's formu-

la
foo (M) =- (1 — M¥2)?

was used to describe the velocity profile in front of the deflection zone.

To describe the velocity profile at the outlet of the annular source and
during further propagation of the jet over the screen, we used Schlichting's
profile taking into consideration the boundary layer (see Figure 1)

u® = (/™ for <8 wo = —(z—8)1(b — 8|2 for 6 <2< b

The position of the upper base of the annular source is not known in ad-
vance; therefore, the parameters of the jet before the impact zone are com-
puted by successive approximations. First the geometric parameters of the
deflection zone and of the annular source are computed in terms of distance
from nozzle to screen 1; then the correction is introduced for the finite

thickness of the deflection zone. Two approximations are usually quire ade-
‘quate.

Figure 4 gives the computational results together with the experimental
findings on damping of maximum velocity u°mum/wm*. A comparison discloses

their satisfactory correspondence.

In conclusion, the authors would like to thank G. B. Krayushkina, who par-

ticipated in conducting the experiments and formulating the results of the
work.
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